The feasibility of a transmission x-ray microscope operating in the 3-7 keV photon energy range using phase zone plates ͑ZPs͒ has been tested. It has been demonstrated that, at a photon energy of 4 keV, structures smaller than 150 nm can be resolved with good contrast using exposure times in the second to minute range. A large diameter gold ZP was used as condenser and a tungsten ZP with an outermost zone width of 128 nm was used as a high spatial resolution imaging objective lens. Images with a field size of 10ϫ10 m 2 were acquired using a charge coupled device camera optically coupled to a phosphor screen. The corresponding pixel size in the object plane was 70 nm. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03952-2͔
The optical scheme of a transmission x-ray microscope ͑TXM͒ is analogous to a visible light microscope where the incident radiation is condensed onto the object and a magnified image of the sample is formed by an objective lens onto a detector. The capabilities of a TXM with phase zone plates ͑ZPs͒ as condenser and objective lens have been demonstrated previously for soft x rays.
1- 3 The combination of high brilliance third generation synchrotron radiation sources and new developments in the fabrication of high performance ZPs for hard x rays led to the construction of a full-field imaging or TXM branch at the ID21 beamline of the European Synchrotron Radiation Facility ͑ESRF͒. The construction of a TXM for photon energies of 3-7 keV is motivated by the suitability of this energy range for the use of complementary imaging modes such as absorption and Zernike phase contrast as well as the possibility of near edge absorption studies for element mapping and analysis of the chemical states of the sample. The photon energy range of 3-7 keV makes K edges from K to Mn accessible which is of special interest for life sciences as well as for materials and environmental sciences. Use of the TXM configuration allows relatively short exposure times in the second or minute range which is of importance for three-dimensional imaging or energy scanning. In this letter, we describe the initial optical configuration of the TXM and its imaging performance at the ID21 beamline 4, 5 at the ESRF.
The optical setup for this experiment is shown schematically in Fig. 1 . A 42 mm period undulator with a length of 1.6 m was used with a gap size of 22.37 mm giving a total integrated flux of 7ϫ10 11 ph/s/Si͗111͘bandwidth/200 mA for a beam size of 0.5 mmϫ0.5 mm and a photon energy of 4044 eV. The x-ray source size at this energy is 140 m ͓full width at half maximum ͑FWHM͔͒ horizontally and 24 m ͑FWHM͒ vertically. The beam is preconditioned by successive reflections from two parallel, horizontally deflecting Ni coated mirrors. At a glancing angle of 8 mrad, the Ni reflections give a cutoff energy of 10 keV. This gives a total harmonic suppression factor for 12 keV photons of better than 10 3 and greatly reduces the incident power on the subsequent downstream optical elements. Contributions of the second harmonic at 8 keV are suppressed by a downstream crystal monochromator. The beam is steered to the TXM branch by a Ni-B 4 C multilayer for which the energy band pass matches the undulator peak width. Beam monochromatization for this experiment is performed by a fixed exit profiled channelcut Si͗111͘ monochromator. 6 Monochromatizing the beam is substantial in view of future microspectroscopical applica- FIG. 1. Schematic drawing of the setup of the experiment with the two bounce fixed exit double mirror ͑M0͒ for beam preconditioning, the beam steering multilayer device ͑ML͒, the profiled fixed exit channel-cut monochromator ͑CM͒, the condenser ZP ͑CZP͒, the sample ͑S͒, the micro ZP ͑MZP͒, and the detector ͑DET͒.
APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 26 27 DECEMBER 1999 tions and the fact that ZPs are strongly chromatic lenses due to the 2r n dr n ϭ f dependence, where r n is the radius of the ZP, dr n the outermost zone width, the x-ray wavelength, and f the focal distance. The 1.5 mm diameter Au condenser ZP was generated by a combination of e-beam lithography and electroplating. 7, 8 The outermost zone width of this ZP is 1.5 m. The thickness of the condenser ZP is 800 nm giving a theoretical diffraction efficiency of 19% at 4 keV defined as the ratio of the intensity of the beam focused in the first order and that of the beam incident on the ZP.
The focal length of the ZP at 4044 eV is 4.8 m. The condenser is located 40.4 m from the source and forms a 7.2 times demagnified image 5.6 m downstream of the ZP, coincident with the sample plane. In this experiment, the condenser was defocused in order to achieve more homogenous object illumination. The spot size was measured as 26 m ͑FWHM͒ in the vertical and 165 m ͑FWHM͒ in the horizontal direction. The number of photons measured through a 5 m pinhole in the object plane was 4ϫ10 7 ph/s/0.1% bandwidth. The condenser illuminated object is magnified by a micro ZP working as an objective lens. For this experiment we used a tungsten ZP generated by e-beam lithography and reactive ion etching. 9 The ZP has a diameter of 50 m and an outermost zone width of 125 nm. The height of the zones is about 300 nm. The measured diffraction efficiency at 3.5 keV is 5.4%. The spatial resolution ␦ of the ZP is given by the outermost zone width dr n according to the relation ␦ϭ1.22ϫdr n following the Rayleigh criterion. The ZP was placed close to its focal distance of 20.4 mm behind the sample and forms a 104 times magnified x-ray image at the detector plane, 2.5 m downstream of the sample. The small divergence of the x-ray beam gives rise to an incident illumination of small numerical aperture (N.A.ϭ3ϫ10 Ϫ4 ) and the high photon energy causes difficulties as shown in Fig. 2 . The micro ZP used as objective lens is a diffractive lens and displays nonzero efficiencies for diffraction orders other than the ϩ1 order used here. In the case of image formation with small numerical aperture illumination, the focal area of the Ϫ1 order of the objective ZP is close to the object area and generates a shadow projection which overlaps the image of the ϩ1 order. In order to separate the shadow projection and the image of the ϩ1 orders, a 50 m pinhole is aligned slightly off-axis close to the object plane as shown in Fig. 2 . The location of the 50 m pinhole on the first order diffracted intensity determines the useable image area in the detector plane. The detector was a slow scan CCD camera ͑Photometrics AT200L͒ equipped with a Tektronix chip with 1024ϫ1024 pixels and a pixel size of 24ϫ24 m 2 . In order to avoid x-ray damage and improve the dynamic range, the camera was coupled by a visible light optical system to a phosphor screen.
10,11 A Gd 2 O 2 S:Tb powder phosphor screen with a thickness of 10 m was used. The FWHM resolution of this screen is about 7 m. 12 The visible light is transferred to the CCD by a two stage optical system with a numerical aperture of 1.8. The magnification of the visible light optics was 3.14ϫ and was chosen to adapt the resolution of the phosphor to the pixel size of the CCD chip. Taking into account the magnification of the objective ZP of 104ϫ, one pixel on the CCD corresponds to 70 nm in the object plane.
To test the imaging performance of this setup, we used a tungsten ZP as a test sample having well known structures. The ZP had an outermost zone width of 148 nm and the thickness was 400 nm. As shown in Fig. 3 , smallest structures of 148 nm can clearly be resolved with good contrast. The exposure time for this image was 100 s.
In conclusion, the possibility of transmission x-ray microscopy with hard x rays has been demonstrated to resolve structures below 150 nm. The exposure time of 100 s could be reduced by more than an order of magnitude by choosing a better adapted condenser ZP. The object illumination could be improved by adding a rotating mirror device 13, 14 to the optical scheme in order to enlarge the numerical aperture of the illumination. These modifications are currently being implemented.
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